K28 is a viral A/B toxin that traverses eukaryotic cells by endocytosis and retrograde transport through the secretory pathway. Here we show that toxin retrotranslocation from the endoplasmic reticulum (ER) requires Kar2p/ BiP, Pdi1p, Scj1p, Jem1p, and proper maintenance of Ca 2 þ homeostasis. Neither cytosolic chaperones nor Cdc48p/ Ufd1p/Npl4p complex components or proteasome activity are required for ER exit, indicating that K28 retrotranslocation is mechanistically different from classical ER-associated protein degradation (ERAD). We demonstrate that K28 exits the ER in a heterodimeric but unfolded conformation and dissociates into its subunits as it emerges into the cytosol where b is ubiquitinated and degraded. ER export and in vivo toxicity were not affected in a lysinefree K28 variant nor under conditions when ubiquitination and proteasome activity was blocked. In contrast, toxin uptake from the plasma membrane required Ubc4p (E2) and Rsp5p (E3) and intoxicated ubc4 and rsp5 mutants accumulate K28 at the cell surface incapable of toxin internalization. We propose a model in which ubiquitination is involved in the endocytic pathway of the toxin, while ER-to-cytosol retrotranslocation is independent of ubiquitination, ERAD and proteasome activity.
Introduction
K28 is a protein toxin secreted by Saccharomyces cerevisiae strains infected with a toxin-coding double-stranded RNA killer virus. The a/b heterodimeric protein kills susceptible yeasts by blocking DNA synthesis resulting in both G1/S cell cycle arrest and caspase-mediated apoptotic cell death (Reiter et al, 2005) . Like microbial A/B toxins, K28 enters the cytosol of a target cell by retrograde transport through the secretory pathway. Members of this family usually consist of a single catalytic A or a-subunit and one or more B or b-subunit(s) responsible for toxin binding to the cell surface and translocation of the cytotoxic A/a-subunit to the cytosol (Falnes and Sandvig, 2000) . While some A/B toxins enter mammalian cells from and through acidic endosomes (like Anthrax toxin, Diphteriae toxin, Chlostridia neurotoxins), others are taken up by receptor-mediated endocytosis and transported retrograde to the cytosol by travelling through the Golgi apparatus and the endoplasmic reticulum (ER) (Vago et al, 2005) . As member of this toxin family, K28 is a a/b heterodimer whose subunits are covalently linked by a single disulfide bond (Riffer et al, 2002) . In vivo, intoxification of a sensitive cell requires initial toxin binding to a cell wall receptor and subsequent translocation to the cytoplasmic membrane where the toxin interacts with a so far unknown membrane receptor. Uptake and retrograde transport of the toxin depend on the existence of a short amino-acid motif (HDEL) at the C-terminus of b which serves as intracellular targeting signal that is bound by the HDEL receptor Erd2p of the host cell. It has been proposed that within the secretory pathway of intoxicated yeast, Erd2p recognizes the b-C-terminus and catalyzes a/b toxin redistribution from an early Golgi compartment back to the ER (Eisfeld et al, 2000; Riffer et al, 2002) . Several other A/B toxins (like Pseudomonas exotoxin A, cholera toxin, Escherichia coli HLT) also contain C-terminal H/KDEL or H/KDEL-like targeting motifs which ensure toxin delivery to the cytosol (Lencer et al, 1995) . However, how precisely the toxins exit the ER and translocate to the cytosol is still unclear, although it has been proposed that the toxins disguise themselves as misfolded proteins that are recognized as substrate for ER-associated protein degradation (ERAD) (Hazes and Read, 1997; Lord et al, 2003) . In the ERAD pathway, misfolded and/or misassembled proteins undergo quality control in the ER and, if misfolded persistently, are targeted to retrotranslocation and proteasomal degradation (for reviews, see Ellgaard and Helenius, 2003; Jarosch et al, 2003; Meusser et al, 2005) .
In this study, we show that ER export of the K28 virus toxin depends on the assistance of Kar2p/BiP, Pdi1p, Scj1p, and Jem1p and present evidence that cellular Ca 2 þ homeostasis in the secretory pathway is critical for K28 toxicity. We show that K28 exits the ER in its heterodimeric but unfolded conformation and dissociates into its subunits after entering the cytosol. The b-subunit is subsequently ubiquitinated and degraded while a transmits the lethal signal into the nucleus. In yeast ubc4 and rsp5 mutants, the toxin can no longer enter the cell rendering these mutants toxin resistant. A mechanistic model is proposed describing the most crucial events in toxin uptake and retrograde transport, indicating that K28 represents a powerful tool in identifying novel components essentially involved in eukaryotic cell function.
Results

Kar2p and Pdi1p assist toxin exit from the ER
We have previously shown that the Hsp70 chaperone Kar2p/ BiP is required for proper targeting of internalized K28 toxin to the ER luminal side of the Sec61 complex (Eisfeld et al, 2000) . As shown in Figure 1A , Western analysis of cell fractions from a toxin-treated kar2-203 ts mutant grown at the restrictive temperature confirmed that K28 accumulates in intracellular membranes (most likely ER membranes) and can no longer exit the ER, explaining why kar2 mutants are toxin resistant.
PDI1
Δpdi1 Δpdi1 . Cell extracts were separated by nonreducing SDS-PAGE and probed with K28-specific antib (M, membrane fraction (cytoplasmic, ER and Golgi membranes); V, endosomal vesicle fraction; C, cytosol). Marker proteins were probed with anti-Pma1p, anti-Sec61p, anti-Kar2p, anti-Vps10p, and anti-Pgk1p. (B) K28 resistance in a Dpdi1 mutant and its complementation to hypersensitivity after coexpression of PDI1 from pPDI1. (C) Immunoblot of cell fractions from toxin-treated PDI1 wild-type and Dpdi1 mutant cells before and after coexpression of PDI1 from the centromer vector pPDI1. (D) Physical interaction between K28 and a GST-Pdi1p fusion protein evidenced by coelution from a glutathione sepharose matrix. Bound proteins were subjected to SDS-PAGE and probed with anti-GST or anti-b. (E) Toxin sensitivity is fully restored in a K28-resistant Dpdi1 mutant after coexpression of either wild-type Pdi1p (pCGHC-CGHC-PDI1) or its active site mutants pCGHS-SGHS-PDI1 and pSGHS-CGHS-PDI1. (F) Cell fractions of wild-type yeast treated with toxin for 1 h separated by SDS-PAGE in the presence or absence of b-mercaptoethanol ( þ ME, ÀME) and probed with anti-b. (G) Western analysis of cell fractions of wild-type yeast treated with toxin for 2 h and separated by SDS-PAGE under nonreducing conditions. Blots were probed with anti-a or anti-b (T, toxin control; C, cytosol; W, cell wall fraction; M, intracellular membrane fraction; V, endosomal vesicle fraction).
As Kar2p and Pdi1p are known to be central components in delivering misfolded proteins to the Sec61 export channel in the ER membrane, we asked if Pdi1p as part of this quality control is also involved in K28 toxicity. In yeast, simultaneous deletion of PDI1 and its homologous genes MPD1, MPD2, EPS1 and EUG1 is lethal, but cell viability and cell growth can be restored by single-copy expression of MPD1 under PDI1 promoter control (Norgaard et al, 2001) . As shown in Figure 1B , such a pdi1 mutant is completely toxin resistant while Pdi1 þ cells are sensitive. Interestingly, retransformation with PDI1 on a centromer vector (pPDI1) fully restored sensitivity and resulted in a slight increase in toxin sensitivity compared to wild type ( Figure 1B ). Western analysis further revealed that ER-to-cytosol export of K28 is completely blocked in the pdi1 mutant while it was fully restored after providing PDI1 from a single-copy plasmid ( Figure 1C ). As Pdi1p is a known calcium-binding protein in the ER, and retrotranslocation competence of K28 is severely affected by calcium levels in the secretory pathway (see below), we aimed to exclude any indirect effect by additionally analyzing toxin export to the pdi1 mutant cytosol in the presence of 40 mM calcium. As illustrated in Figure 1C , the addition of extra calcium did not restore toxin retrotranslocation in the pdi1 mutant, confirming that it is the absence of Pdi1p that causes toxin accumulation in the ER. The important role of Pdi1p in toxin retrotranslocation was further supported in a GST pull-down experiment by demonstrating physical interaction between Pdi1p and K28 ( Figure 1D ). As both proteins coeluted from a glutathione sepharose matrix, it can be concluded that K28 and Pdi1p also interact during toxin retrotranslocation in vivo.
Pdi1p ensures ER retrotranslocation competence of the toxin
For cholera toxin (CT) it was proposed that Pdi1p acts as a redox-dependent chaperone that depends on the oxidase activity of Ero1p (Tsai and Rapoport, 2002) . However, as it was recently argued that Pdi1p binding to its substrate might not at all be regulated by the redox state of Pdi1p (Lumb and Bulleid, 2002) , we investigated whether or not Pdi1p must be re-oxidized by Ero1p to release K28 in the ER. Interestingly, toxin sensitivity in an ero1 mutant was identical both at the permissive and at the restrictive temperature (data not shown), indicating that the effect of Pdi1p on K28 export is different from its proposed unfolding activity during ER exit of CT. The precise effect of Pdi1p on K28 toxicity was further analyzed by testing a set of mutants coexpressing Pdi1p variants with active site mutations. As member of the thio redoxin family, Pdi1p contains two catalytically active Cys-Gly-His-Cys (CGHC) sites, which are both involved in disulfide bond formation. Within both domains, only the first cysteine is essential for isomerization reactions between Pdi1p and its substrate (Holst et al, 1997; Solovyov et al, 2004) . We therefore tested two Pdi1p mutants (CGHS-SGHS- [PDI] and SGHS-CGHS-[PDI]) defective as protein oxidant but still capable to catalyze disulfide bond isomerization. To do so, the Dpdi1 null mutant (carrying wild-type PDI1 on a URA3 plasmid) was cotransformed with a TRP1-containing plasmid expressing either of the two Pdi1p variants. After cotransformation, cells were forced to lose the wild-type PDI1-encoding plasmid by plating onto 5-fluoro orotic acid agar. As shown in Figure 1E , both active site mutants restored toxin sensitivity in the Dpdi1 mutant, indicating that it might be a partial unfolding by Pdi1p (rather than a redox reaction), which is required for K28 toxin export to the cytosol.
In wild-type cells treated with toxin for 1 h, K28 was present in the cytosol in its a/b conformation ( Figure 1F ), indicating that the single disulfide bond between Cys 56 in a (10.5 kDa) and Cys 340 in b (10.9 kDa) (Riffer et al, 2002 ) is sufficiently stable in the reducing environment of the cytosol to prevent or delay rapid toxin dissociation. However, the heterodimeric toxin in the intracellular membrane fractions and in the cytosol almost disappeared when cells were treated with toxin for 2 h; under such conditions, the intracellular 'stores' of the a/b toxin were depleted and both subunits, a and b, became detectable and predominated in the cytosol; consequently, only traces of cytosolic a/b toxin remained nondissociated ( Figure 1G ). From these findings, three conclusions can be drawn: (i) K28 is capable to exit the ER in its a/b conformation, (ii) complete toxin unfolding (i.e. reduction of its single disulfide bond) is not a prerequisite for ER retrotranslocation, and (iii) toxin dissociation into its subunits occurs after the heterodimer entered the cytosol.
Essential role of DnaJ-domain chaperones in ER export of K28
DnaJ domain-containing Hsp40 co-chaperones facilitate export of ERAD substrates into the cytosol by interacting with Kar2p in the ER lumen and preventing aggregation of misfolded proteins before retrotranslocation (Nishikawa et al, 2001) . To check if the Hsp40s Scj1p and Jem1p have any effect on K28 toxicity, single and double deletion mutants were tested for K28 sensitivity. While Scj1 þ Jem1 þ wild-type cells as well as the single deletion mutants were sensitive, the Dscj1/Djem1 double mutant showed complete toxin resistance ( Figure 2A ). Furthermore, K28 was absent from the mutant cytosol and accumulated in intracellular membranes, indicating that ER exit of the toxin is blocked in the genetic background of a Dscj1/Djem1 double knockout ( Figure 2B ).
Cytosolic chaperones are not involved in toxin retrotranslocation
The cytosolic AAA-ATPase Cdc48p/p97 is involved in dislocating ubiquitinated and nonubiquitinated ERAD substrates for proteasomal degradation (Rabinovich et al, 2002; Ye et al, 2003) . To analyze if Cdc48p/p97 together with its cofactors Ufd1p and Npl4p is involved in extracting K28 from the ER, yeast mutants defective in the corresponding genes were tested for toxin sensitivity. As illustrated in Table I , cdc48-1/ cdc48-3 as well as npl4-1, npl4-2, and ufd1-1 mutants all displayed wild-type sensitivity indicating that toxin retrotranslocation is not affected in mutants defective in Cdc48p/Ufd1p/Npl4p complex components. Consistently, yeast Ddsk2 and Drad23 mutants (blocked in delivering ubiquitinated proteins to the proteasome (Medicherla et al, 2004) ) as well as mutants defective in the chymotrypsin-like activity of the proteasome (pre1-1, pre2-2) were likewise not impaired in toxin sensitivity ( Table I ), indicating that ER export of K28 is mechanistically different from 'classical' ERAD. The same sensitive phenotype was also seen in mutants lacking cytosolic Hsp70s of the Ssa and Ssb chaperone family (Table I ), demonstrating that even cytosolic chaperones are not involved in K28 retrotranslocation.
Changes in Ca 2 þ homeostasis in the secretory pathway prevent K28 toxicity Given that in a Dpmr1 mutant misfolded CPY* is significantly stabilized (Durr et al, 1998) , we hypothesized that Pmr1p might also affect K28 toxicity and we therefore analyzed a Dpmr1 null mutant and its isogenic wild type. In contrast to toxin susceptible Pmr1 þ cells, Dpmr1 mutant cells were completely resistant, accumulated internalized toxin in intracellular membranes and were incapable to release the toxin from the ER ( Figure 2C and D). Interestingly, toxin sensitivity and ER export could be fully restored by stepwise enhancing exogenous calcium in the medium, giving rise to full sensitivity and regained retrotranslocation competence at 40 mM Ca 2 þ ( Figure 2C and D). We conclude from these experiments that Ca 2 þ levels in the ER play a crucial role in toxin translocation to the cytosol and that proper maintenance of Ca 2 þ homeostasis is an essential prerequisite for the in vivo activity of the toxin. In contrast to K28 resistance in a Dpmr1 strain, mutants defective in Spf1p/Cod1p, the second P-type ATPase involved in ERAD and maintenance of Ca 2 þ homeostasis in the ER (Cronin et al, 2002) were killed by the toxin, but sensitivity in the Dspf1/cod1 mutant was significantly decreased to 36% of wild-type level ( Figure 2C ).
Ubiquitination and K28 toxicity
Most ERAD substrates undergo polyubiquitination during retrotranslocation from the ER before proteasomal degradation. To examine if Ubc proteins participate in toxin retrotranslocation, a set of ubc deletion mutants was tested against K28. We hypothesized that mutants such as Dubc1, Dubc6, and Dubc7 (which are defective in ER-to-cytosol export of ERAD substrates) should become toxin resistant if K28 was recognized as ERAD substrate in the ER. However, unexpectedly, neither of the tested ubc single or double knockouts was toxin resistant, instead all mutants displayed wild-type sensitivity ( Figure 2E ). The same was true for mutants defective Toxin sensitivity (%) (E) Toxin sensitivity in single and double Dubc1-7 and/or Dhrd1 mutants is impaired in the genetic background of a Dubc4 deletion. Note that already in a heterozygous diploid (ubc4/UBC4 ubc5/UBC5), toxin sensitivity is 60% reduced compared to wild type.
in Hrd1p, a ubiquitin protein ligase (E3) required for the ubiquitination of ERAD substrates in conjunction with Ubc7p and/or Ubc1p (Bays et al, 2001) . In contrast, Dubc4 mutants showed a dramatic decrease in toxin sensitivity and all double mutant combinations in conjunction with Dubc4 were completely K28 resistant ( Figure 2E ).
To clarify if toxin ubiquitination is involved in or possibly required for K28 toxicity, the cytosol of wild-type cells treated with toxin for 2 h (and thus containing toxin that already dissociated into its subunit components; see Figure 1F ) was immunoprecipitated with anti-a or anti-b and probed with anti-Ub. Interestingly, only the b-subunit was ubiquitinated, whereas no such signal was detectable for a ( Figure 3A ). Additional controls ( Figure 3B ) excluded any nonspecific staining of the a/b toxin or its monomeric subunits by the anti-ubiquitin antibody. In contrast to wild-type toxin, a mutant variant (a*/b) in which the potential EH (Eps15 Homology) domain 16 SWG 18 in a had been destroyed and converted into 16 TFA 18 (in order to exclude that this motif has any in vivo relevance within the clathrin-mediated endocytic pathway of K28) resulted in a biologically inactive toxin that was capable to enter a cell and to retrotranslocate into the cytosol. However, in contrast to wild-type a/b toxin, the mutant a-subunit (a*) was now substrate for ubiquitination explaining why a*/b is nontoxic ( Figure  3A and C).
A lysine-free toxin variant still exits the ER and kills in vivo
The presented results suggested to us that ubiquitination of b is a secondary effect occurring only after the K28 heterodimer entered the cytosol and dissociated into its subunits; thus, toxin ubiquitination might not at all be required for ER export. This assumption was confirmed by a toxin variant in which all four internal lysines had been converted to arginine ( Figure 3D ). Such a toxin (a K-0 /b K-0 ) lacks any endogenous lysine residue and internal ubiquitination should be prevented. If ubiquitination generated the driving force for ER export, a K-0 /b K-0 should accumulate in the ER and toxicity should be impaired. However, toxicity was not affected and both wild-type toxin and its a K-0 /b K-0 variant showed almost identical in vivo killing activity ( Figure 3E ). Cell fractionation on yeast treated with wild-type toxin or its a K-0 /b K-0 mutant variant confirmed that in either case the a/b toxin is present in the cytosol ( Figure 3F ), demonstrating that retrotranslocation is not prevented in a toxin devoid of internal ubiquitination sites. Furthermore, as toxin-specific ubiquitination was not detectable in the cytosol of a K-0 /b K-0 -treated cells, N-terminal ubiquitination at the a-and/or b-subunit can also be excluded ( Figure 3G ). Interestingly and in contrast to in vivo toxicity, relative toxin secretion was significantly decreased in the mutant toxin lacking internal lysyl residues ( Figure 3E ); however, it was still capable to exit the ER without being ubiquitinated; thus, toxin ubiquitination is apparently not required for extracting K28 from the ER. This is further supported by the finding that simultaneous overexpression of mutant ubiquitin (Ub-RR 48/63 )-that can no longer form polyubiquitin chains and thus prevents or minimizes proteasomal toxin degradation-as well as yeast proteasome mutants pre1-1 and pre2-2 likewise did not affect toxicity ( Table I ), confirming that ubiquitination and proteasomal degradation is a secondary effect, not required for ER retrotranslocation of K28.
Ubc4p (E2) and Rsp5p (E3) are essential components for K28 toxicity
Based on the toxin-resistant phenotype of a yeast Dubc4 mutant, we hypothesized that Ubc4p might be involved in a process upstream from ER dislocation, possibly in receptormediated toxin internalization at the level of the plasma membrane. To address this aspect, we focused our attention to the HECT domain Ub ligase Rsp5p as it has already been shown to receive ubiquitin from the ubiquitin-conjugating E2s Ubc4p and Ubc5p (Haynes et al, 2002; Reggiori and Pelham, 2002) .
We tested a set of rsp5 mutants defective in the formation of ubiquitin-thioester intermediates (rsp5-1) and/or a-factor internalization (rsp5-2) (Wang et al, 1999) . Both mutants are temperature sensitive for growth at 371C and were, therefore, tested against K28 at 20 and 351C ( Figure 4A ). While the Rsp5 þ wild-type was sensitive at all temperatures tested, the rsp5-1 mutant showed a significant decrease in K28 sensitivity already at 201C and became fully resistant at 351C ( Figure 4A ). Cell fractionation analysis indicated that the toxin is only detectable in the plasma membrane fraction of the rsp5-1 mutant and neither in the endosomal vesicle fraction nor in the cytosol ( Figure 4B ), indicating that Rsp5p-deficient cells are blocked in toxin internalization from the plasma membrane. Mutations within the WW domains of Rsp5p (such as WW-1 and WW-3), which have been shown to negatively affect fluid-phase endocytosis of lucifer yellow and its transport to the vacuole (Dunn and Hicke, 2001b) , also caused a significant decrease in toxin sensitivity; however, the effect was not as pronounced as in the genetic background of a rsp5-1 and/or rsp5-2 mutation, which both caused resistance at the restrictive temperature ( Figure 4A ). Most strikingly, an entirely analogous phenotype was seen in toxin-treated cells of a Dubc4 mutant which likewise accumulated K28 at the plasma membrane and were completely deficient in toxin internalization ( Figure 4B ). To confirm that both mutants are impaired in toxin uptake from the plasma membrane, spheroplasts of Dubc4 and rsp5-1 mutants were treated with purified toxin and at different time intervals aliquots were removed from each sample and the amount of unbound toxin in the cell-free culture supernatant was determined by Western analysis. In contrast to UBC4 RSP5 wild-type cells, in which toxin uptake continuously increased during the time course of the experiment, toxin uptake was completely blocked in Dubc4 and rsp5-1 mutant cells ( Figure 4C ). The same phenotype could be confirmed in an agar diffusion assay by measuring residual toxin activity in the cell-free culture supernatant of toxin-treated Ubc4 þ wild-type and Dubc4 mutant cells ( Figure 4D ). To clarify whether or not Ubc4p and Rsp5p are also involved in toxin retrotranslocation from the ER, a lethal K28 a variant was introduced into the ER ( Figure 4E ) and the corresponding transformants were screened for survival and cell growth after galactose-induced a-toxin expression. As illustrated in Figure 4F , wild-type cells showed the expected suicidal phenotype and were rapidly killed by the expression of a in the ER. The same suicidal phenotype was seen in the Dubc4 mutant, whereas the signal peptidase mutants Dspc1 and Dspc2 (which had been included as internal positive controls) survived because in these mutants a can no longer exit the ER and translocate into the cytosol ( Figure 4F) . Interestingly, rsp5-1 and rsp5-2 mutants showed a somewhat intermediate phenotype characterized by a significant delay in cell growth after a expression in the ER. In both rsp5 mutants, cell growth restored only after an incubation for 4 days at 301C under a-inducing conditions ( Figure 4F ). Although such a genetic screen is only an indirect mean to identify cellular proteins potentially involved in K28-a toxin retrotranslocation from the ER, together these data indicate that toxin resistance in both mutants (rsp5 and ubc4) is likely caused by a defect in toxin uptake from the plasma membrane rather than by a block in toxin retrotranslocation from the ER.
Discussion
A/B toxins such as Bordetella pertussis toxin (PT), Pseudomonas exotoxin A (PE), and Shigella toxin translocate their catalytically active toxic domain into the host cell cytosol. Some of these toxins developed a unique strategy for cell entrance and penetration by using receptor-mediated endocytosis and retrograde transport through the secretion pathway. Within the ER lumen, these toxins translocate to the cytosol by masquerading as ERAD substrates and thus exploiting the ER quality control system of the host. The fact that all toxins entering the cytosol from the ER are extremely low in lysine may point to an evolutionary conserved strategy to escape ubiquitination and degradation (Lord et al, 2003) . The yeast K28 virus toxin as member of this family is a secreted a/b heterodimer that likewise is low in lysine, containing only three lysyl residues in a and just a single Figure 1A ). (C) Toxin uptake by yeast cell spheroplasts is severely impaired in Dubc4 and rsp5-1 mutants. Toxin uptake was determined indirectly via SDS-PAGE and Western analysis (probed with anti-b) by detecting the amount of unbound toxin remaining in the cell-free culture supernatant after incubating the indicated yeast at 301C with wild-type toxin for up to 5 h (input resembles the amount of K28 at the beginning of the experiment). (D) Residual unbound killer activity in the cell-free culture supernatant of a Dubc4 mutant and its UBC4 wild-type after incubating 5 Â10 7 cells/ml at 201C in the presence of K28 toxin. At the indicated time points, aliquots (20 ml) were removed, cells were pelleted and killer activity remaining in the supernatant was determined on MBA plates. (E) Experimental set up for the in vivo expression of a suicidal K28 a-variant in the ER. Wild-type yeast (or the mutants shown in (F)) were transformed with a suicidal 2m vector expressing the K28 a-subunit including its N-terminal secretion signal (SS) from the GAL1 promoter (P GAL1 ) and terminator (T GAL1 ) sequences. After shifting the cells from raffinose to galactose, the toxic K28 variant (SS-a) is imported into the ER, the N-terminal signal sequence is removed by signal peptidase (SP) cleavage, and a is retrotranslocated to the cytosol from where it enters the nucleus and causes cell death. (F) Genetic screen indicating that neither wild-type nor rsp5 or Dubc4 mutant cells tolerate galactose-induced expression of K28-a in the ER. In contrast, signal peptidase mutants Dspc1 and Dspc2 (internal positive control) survive K28-a expression in the ER. For unknown reasons, rsp5 mutants showed an intermediate phenotype characterized by a delay in cell growth for 4 days when cultivated on galactose agar at the restrictive temperature (351C). lysine in b (Eisfeld et al, 2000) . However, in contrast to the majority of bacterial and plant A/B toxins (which usually act within the cytosol), the lethal a-subunit of K28 enters the nucleus to cause cell death, and until now it was not known how precisely the toxin traverses its host (Reiter et al, 2005) .
In this study, we show that K28 co-opts the ER chaperones Kar2p, Pdi1p, Scj1p, Jem1p, and Pmr1p of the target cell to translocate across the ER membrane. Physical interaction between the toxin and Pdi1p was demonstrated in a GST pull-down experiment by coelution of K28 and GST-Pdi1p. Furthermore, using a linear a-b protein fusion of K28 as bait, additional two hybrid analyses also confirmed that the toxin interacts with Kar2p and with its Hsp40 co-chaperones Scj1p and Jem1p (data not shown). In contrast to other A/B toxin family members, ER retrotranslocation of K28 neither required the AAA ATPase complex Cdc48p/p97-Ufd1p-Npl4p (Ye et al, 2001) , nor cytosolic proteins (Rad23p and Dsk2p) involved in delivering ubiquitinated ERAD substrates to the proteasome (Medicherla et al, 2004) , nor proteasome activity. However, consistent with the function of Jem1p and Scj1p in stabilizing misfolded pro-a-factor (DGpaF) and carboxypeptidase Y (CPY*) in the ER, we show here that the absence of both Hsp40s leads to toxin resistance caused by a block in toxin retrotranslocation to the cytosol. In addition to the essential role of Kar2p and its Hsp40 co-chaperones in ensuring ER exit of the toxin, proper maintenance of Ca 2 þ homeostasis in the ER is equally important for K28 toxicity. Yeast Dpmr1 (and to a lesser extent Dspf1/cod1) mutants are toxin resistant and incapable to release K28 into the cytosol. However, toxin retrotranslocation and K28 sensitivity could be fully restored by stepwise increasing the extracellular Ca 2 þ concentration up to 40 mM. The Ca 2 þ /Mn 2 þ ion pump Pmr1p resident in a medial Golgi compartment plays a major role in maintaining Ca 2 þ levels in the secretory pathway (Rudolph et al, 1989) , and yeast Dpmr1 null mutants show a 50% decrease in free Ca 2 þ in the ER (Strayle et al, 1999) . The presence of Ca 2 þ in the ER has numerous functions and is required for the retention of resident ER proteins, for proper protein folding as well as for the degradation of ERAD substrates (Durr et al, 1998) .
In most cases, ER retrotranslocation of misfolded proteins and A/B toxins is linked to polyubiquitination at the cytosolic surface of the ER membrane. By analyzing the cytosol of intoxicated cells, we demonstrate that K28 exits the ER in its a/b conformation, thereafter it dissociates into its subunits and, within the cytosol, b is ubiquitinated and proteasomally degraded while a enters the nucleus and causes cell death. In K28-treated cells, the toxin is initially detectable as heterodimer in the cytosol, indicating that it is sufficiently stable in the reducing environment of the cytosol to prevent rapid dissociation. This finding is consistent with a recent study on human superoxide dismutase (SOD) that similarly appears to have the ability to maintain intrasubunit disulfide bonds in the cytosol (Lindberg et al, 2004) . In case of K28, this also implies that the heterodimer must be capable to traverse the ER membrane, consistent with a recent report demonstrating that protein unfolding is not a prerequisite for ER dislocation (Tirosh et al, 2003) . Among A/B toxins, however, K28 is the first example of a protein that exits the ER in a heterodimeric conformation, although retrotranslocation itself (as shown here) critically depends on the unfolding activity of Pdi1p.
In vivo, expression of extra copies of Pdi1p caused a significant increase in toxin sensitivity, resulting in a K28 hypersensitive phenotype in the retransformed pdi1 mutant. This increase in toxin sensitivity might have been caused by the absence of PDI-like proteins in the multiple pdi1 mutant, as it was recently shown (by using a semipermeabilized cell system) that PDI-like proteins play opposing roles during retrotranslocation of CT from the ER: CT retrotranslocation was facilitated by Pdi1p, whereas ER retention of the toxin was mediated by PDI-like proteins (Forster et al, 2006) . For CT-and in contrast to K28 toxin-Pdi1p-dependent reductive dissociation in the ER was demonstrated for the A chain of CT (CTA) which likewise contains intramolecular disulfide bonds. In CTA, the A1 fragment is translocated to the cytosol after Pdi1p has unfolded the toxin once its A chain has been cleaved. In this case, it has been suggested that Pdi1p acts as a redox-driven chaperone that (in its reduced state) binds to the A chain by recognizing hydrophobic domains transiently exposed by thermal fluctuation of the polypeptide chain (Tsai et al, 2001) . However, results of a more recent study argued that Pdi1p substrate binding might not at all be regulated by its redox state (Lumb and Bulleid, 2002) . Toxin unfolding is also required for ER retrotranslocation of ricin A (RTA), and introducing a disulfide bond into RTA greatly inhibits its in vivo toxicity (Wesche et al, 1999) . In analogy to CTA and RTA, we demonstrate here that Pdi1p as part of the ER quality control is also involved in K28 toxicity by interacting with the viral toxin and assisting its targeting to the Sec61 export channel (Eisfeld et al, 2000) . Based on the toxin-resistant phenotype of a Dpdi1 mutant and its conversion to sensitivity after coexpression of either wild-type Pdi1p or Pdi1p-active-site mutants, we conclude that it probably is the unfolding activity of Pdi1p rather than its oxidase activity that is required to ensure translocation competence of the a/b heterodimeric toxin. Similar to the unaltered in vivo toxicity of K28 after cysteine mutagenesis (Riffer et al, 2002) , replacement of all four lysines in the K28 heterodimer likewise did not affect its retrotranslocation competence nor its biological activity, although in vivo toxin ubiquitination was completely prevented. Thus, based on what we have shown here we propose that toxin ubiquitination is a secondary effect, apparently not required for ER-to-cytosol retrotranslocation. In fact, ER exit of K28 might be mechanistically similar to retrotranslocation of calreticulin which has recently been shown to be likewise independent of ubiquitination and proteasome activity (Afshar et al, 2005) . However, how precisely both proteins-K28 in yeast and calreticulin in mammalian cells-emerge into the cytosol remains unknown. Possibly, both proteins pull themselves out of the ER because they can rapidly refold (either spontaneously or catalyzed by post-translational modifications) as they enter the cytosol. A similar mechanism has been discussed for the retrotranslocation of CT A1 chain (Kothe et al, 2005) and prepro-a-factor (Lee et al, 2004) ; however, both proteins require ATPase activities in the 19S proteasome to drive ER export. This is in major contrast to K28 which apparently can emerge into the cytosol even in a pre1/pre2 background deficient in the chymotrypsin-like activity of the proteasome complex. With respect to ER retrotranslocation, it seems obvious that the underlying mechanism(s) can differ for each particular ERAD substrate. As proposed by Vashist and Ng (2004) , it is likely that misfolded proteins are sorted by intrinsic checkpoints of ER quality control. In this model, misfolded membrane proteins are recognized by a first checkpoint in the ER and immediately degraded in the cytosol, whereas misfolded soluble proteins bypass this first checkpoint but face a second checkpoint and must undergo a cycling between the Golgi and the ER before degradation in the cytosol can occur. Owing to the great diversity of ERAD substrates, the general mechanism for and the components involved in ERAD might differ in specific cases (Römisch, 2005) . In this respect, the K28 virus toxin seems to be a powerful tool in identifying novel components involved in this process, and we are currently using yeast microsomes and a tagged toxin variant (a/b cmyc-HDEL ) to identify additional cellular components involved in K28 retrotranslocation. So far, we succeeded to affinity-purify ER proteins such as Kar2p, Pdi1p, and Sec61p that-as we have shown here-are involved in toxin retrotranslocation to the cytosol; however, we also obtained additional proteins that are now being identified by MALDI-TOF mass spectrometry (Sendzik and Schmitt, unpublished) .
In contrast to ER retrotranslocation, toxin uptake from the plasma membrane strictly depends on Ubc4p and Rsp5p. As candidate involved in K28 toxicity, Rsp5p is, in particular, interesting as it has been shown to be involved in multiple steps of Ub-mediated endocytosis at the plasma membrane (Dunn and Hicke, 2001a; Morvan et al, 2004) . In case of K28, Rsp5p in conjunction with Ubc4p is required for toxin internalization and, correspondingly, mutants defective in either protein accumulate K28 at the plasma membrane incapable of toxin uptake. Based on the results presented in this study, we propose a model in which Ubc4p and Rsp5p are involved in the initial internalization of the toxin/receptor complex at the plasma membrane, possibly triggered by Ubc4p/Rsp5p-driven monoubiquitination of the K28 membrane receptor ( Figure 5A ). In contrast to the endocytic pathway, Ubc4p and Rsp5p are apparently not involved in toxin retrotranslocation and dissociation into its subunit components ( Figure 5B ). Subsequent ubiquitination of b is likely to be a secondary effect not involved in the ER export of the toxin. Future studies will have to show if our current model ( Figure 5A ) for receptor ubiquitination and K28 toxin internalization holds true and, if correct, our prime goal will be to identify the K28 receptor at the plasma membrane and to analyze if it becomes ubiquitinated and subsequently internalized after toxin binding. Monoubiquitination as distinct signal in receptor endocytosis has been described for a number of mammalian proteins (including epidermal growth factor and platelet-derived growth factor (Haglund et al, 2003) ) and also for the endocytotic uptake of anthrax toxin receptor (Abrami et al, 2006) . In yeast, Rsp5p-mediated monoubiquitination was shown to be required for the downregulation and internalization of various plasma membrane transporters and pheromone receptors (Galan et al, 1996; Beck et al, 1999; Roth and Davis, 2000; Dunn and Hicke, 2001a, b) . That both proteins, Rsp5p and Ubc4p, are also involved in the endoyctotic uptake of the K28 virus toxin is in support of several reports describing that Rsp5p-mediated receptor ubiquitination preferentially requires E2s of the Ubc1p/Ubc4p/Ubc5p family (Hicke and Riezman, 1996) . Thus, a genome-wide screen for K28 resistance or hypersensitivity might bring up novel components involved in these important aspects of eukaryotic cell biology; we intend to follow up this strategy in the near future.
Materials and methods
Strains and culture conditions S. cerevisiae strains used throughout this work are listed in Supplementary Table II (available as online Supplementary data) . Yeast cultures were grown at 301C either in complex YEPD medium or in synthetic medium (YNB) supplemented with the appropriate amino acid/base requirements of each strain.
Genetic techniques
Techniques used for yeast molecular biology and genetics including yeast two-hybrid analyses (using a a-b protein fusion of K28 as bait) and GST pull-down experiments were performed according to standard procedures (Sambrook et al, 1999) . The lysine-free K28 toxin variant a K-0 /b K-0 was constructed by SOE-PCR (Horton et al, 1989 ) using the K28 preprotoxin encoding plasmid pPGK-M28-I as template (Schmitt and Tipper, 1995) . Oligonucleotide primers used throughout this study are described in Supplementary Table III (available as online Supplementary data). All PCR-amplified constructs were routinely sequenced and subsequently cloned into the galactose-inducible expression vector pYES2.1/V5-His-TOPO according to the instructions of the manufacturer (Invitrogen, Groningen). Overexpression of mutant ubiquitin (Ub-RR 48/63 ) was achieved by transformation of wild-type yeast with plasmid pWO21, containing mutant ubiquitin under transcriptional control of the Cu 2 þ inducible CUP1 promoter.
Toxicity assay K28 toxin sensitivity or resistance in the indicated wild-type and mutant strains was determined in an agar diffusion assay on methylene blue agar (MBA; pH 4.7) as previously described (Schmitt and Tipper, 1990) . Briefly, an aliquot of a K28-secreting killer strain (10 5 cells in a total volume of 5 ml) was spotted onto an MBA plate that had been seeded with an overlay of the indicated S. cerevisiae mutant and/or wild-type. If not otherwise stated, plates were incubated for 4 days at 201C. Alternatively, sensitivity/ resistance was determined against the purified K28 virus toxin by pipetting 0.1 ml toxin samples into wells (10 mm in diameter) cut into the MB agar. In each case, the diameter of the resulting cell-free zone of growth inhibition surrounding the well (or the killer cells) is proportional to the logarithm of killer toxin activity. Relative toxin sensitivity of a particular yeast mutant corresponds to the sensitivity of the isogenic wild-type, which was set 100% (portraying growth inhibition zones between 18 and 24 mm determined in an agar diffusion assay on MBA plates).
Toxin-binding/uptake studies and cell fractionation
Toxin binding to yeast cell spheroplasts and its subsequent uptake was examined indirectly by estimating the amount of toxin remaining in solution after incubating 5 Â10 7 cells/ml in the presence of 10 4 U purified K28 toxin/ml for up to 3 h at 201C. Toxin content and/or activity remaining in the supernatant was analyzed by sodium dodecyl sulfate (SDS)-PAGE and Western analysis probed with polyclonal anti-b, or by killing zone assays on methylene blue agar (pH 4.7) as previously described . For subcellular toxin localization, yeast cells were grown in YEPD medium to early exponential growth phase (1 Â10 7 cells/ml), harvested by centrifugation and used for cell fractionation essentially as previously described (Eisfeld et al, 2000) .
Immunoprecipitation and GST pull-down experiments
To investigate in vivo ubiquitination of K28 a and/or b, the cytosolic fraction of toxin-treated cells was precipitated with ethanol (70%) and the pellet was resuspended in 1 ml ice-cold lysis buffer (PBS containing 5 mM EDTA and 0.02% sodium azide). The lysate was cleared by centrifugation (15 min, 16 000 g, 41C) and the supernatant was subjected to immunoprecipitation by using antibodyconjugated protein A sepharose beads. Antibody-coated beads were prepared by mixing 30 ml of a 50% protein A sepharose bead slurry with 0.5 ml ice-cold PBS and 5 ml polyclonal antibody directed against the a-or b-subunit of K28. Thereafter, beads were washed twice with lysis buffer, 10 ml BSA (10%) and the cell lysate were added and immunoprecipitation was carried out for 2 h at 41C in a rotating device. After centrifugation (5 s, 16 000 g, 41C), the supernatant (containing unbound proteins) was aspirated and the beads were washed four times with ice-cold washing buffer (0.1% Triton-X 100, 50 mM Tris-HCl, 300 mM NaCl, 5 mM EDTA, 0.02% sodium azide, pH 7.4). In the final step, beads were washed with ice-cold PBS and the immunoprecipitate was used for Western analysis probed with monoclonal (Biomol) or polyclonal (Sigma) antiubiquitin. Purification of a GST-Pdi1p fusion protein expressed in E. coli from plasmid pGEX-PDI1 was carried out by standard procedures according to the instructions of the manufacturer (Amersham Pharmacia). Purified GST-Pdi1p was applied to a column of GSH-sepharose and incubated with 5 pmol purified K28 toxin (Reiter et al, 2005) . Bound proteins were eluted in 50 mM Tris/ HCl containing 10 mM reduced glutathione (pH 8.0), subjected to SDS-PAGE and probed with polyclonal goat anti-GST (Amersham Pharmacia) or polyclonal rabbit anti-b (Eisfeld et al, 2000) .
Western blot analysis SDS-PAGE was performed under nonreducing conditions unless otherwise stated. Protein samples were electrophoretically separated in Tris-tricine SDS-polyacrylamide gels (10%) and blotted onto PVDF membranes in transblot buffer (25 mM Tris, 192 mM glycine, 20% methanol, 0.1% SDS). Blots were incubated with polyclonal antibodies directed against the a-or b-subunit of K28 (Riffer et al, 2002) . Alkaline phosphatase-conjugated goat antirabbit IgG was used as secondary antibody and colorimetric signal detection of the immunoprecipitate was performed using a NBT/ BCIP stock solution (Roche, Mannheim).
Supplementary data
Supplementary data are available at The EMBO Journal Online (http://www.embojournal.org).
